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Department of Physics, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom
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S. Kočinac
Faculty of Technology and Metallurgy, University of Belgrade, 11000 Belgrade, Yugoslavia

~Received 2 May 2002; accepted for publication 27 July 2002!

An advanced strategy for the optimal design and realization of a GaAs/AlGaAs quantum-cascade
laser is presented. It relies on recently established inverse scattering techniques to design an optimal
smooth active region profile, followed by a conversion to an almost equivalent digitally graded
structure, comprising just two different alloy compositions. In order to compare the output
characteristics of optimized and previously realized structures, the intersubband electron scattering
transport in quantum cascade lasers is analyzed. A full self-consistent rate equation model which
includes all relevant electron-longitudinal optical phonon and electron–electron scattering
mechanisms between injector/collector, active region, and continuumlike states is employed. Whilst
the gain coefficients and threshold currents calculated at 77 and 300 K for the structure with a
standard triple quantum well active region show excellent agreement with recent experiments, a
significant improvement of these parameters is predicted for the optimized digitally graded
quantum-cascade laser. ©2002 American Institute of Physics.@DOI: 10.1063/1.1508166#
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Following the first realization of intersubband transitio
quantum-cascade lasers~QCLs!1 significant progress ha
been made in the InGaAs/AlGaAs system.2,3 More recently
GaAs/AlGaAs QCLs have also been demonstrated4 and con-
siderable research effort5–9 has resulted in the room
temperature pulsed-mode operation of a GaAs/Al0.45Ga0.55As
QCL with triple quantum well~TQW!10 and superlattice11

active region. The GaAs/AlGaAs system may also play
crucial role in lasing in the far-infrared range.12–18

Generally, the main task in the design of a QCL is
maximize the gain, by designing a suitable potential pro
with the desired energy spectrum and wave functions, wh
determine the transition dipole moment~s! and transition
rates, and eventually the gain. The charge transport in Q
is mainly due to incoherent-scattering mechanisms,19 and all
principal scattering mechanisms, i.e., electron-longitudi
optical ~LO! phonon and electron–electron, have to
included.20,21 Because of the QCL complexity, the task
optimizing the whole structure in a single step is too
volved. Instead, one can optimize the active region se
rately and, in the next step, add a properly designed injec
collector.

In contrast to the ‘‘anticrossed-diagonal’’ scheme of t
TQW QCL active region,4–9 in this letter, we propose an
advanced strategy for the QCL optimal design and real

a!Electronic mail: d.indjin@ee.leeds.ac.uk
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tion. It relies on recently established techniques for gene
ing an optimal smooth quantum well profile by inverse sp
tral theory.22,23 In the three-level QCL model with assume
unity-injection efficiency,24 we define the figure of merit
J5(12t64/t96)t9z96

2 , which depends directly on the activ
region profile, and is proportional to the modal gain. In o
full 15-level model, the subscripts 9, 6, and 4 denote
upper, lower, and ground laser levels in the active regi
respectively~Fig. 1!, z96 is the optical dipole matrix element
t i j are the scattering times, andt9 the upper laser level life-
time. The maximization of gain, i.e., of the factorJ, may be
accomplished by varying the profile of the active region
an isospectral manner,22,23which affects only the wave func
tions and not the state spacing. The procedure starts wit
arbitrary initial potential and generates a family of potentia
which all have the required state spacings, their shape b
controlled by a few parameters. In this case, we ch
DE965132 meV (l'9.3 mm), DE64536 meV ~the LO
phonon energy!, and assumed a ‘‘typical’’ value of the elec
tric field in a mid-infrared QCL ofF548 kV/cm, i.e., the
corresponding linear potential is subtracted from the full p
tential in order to obtain the part to be realized by compo
tion grading. The optimal active region profile withz96

52.9 nm andJ5690 ps Å2 is shown in the inset of Fig. 1
A route toward an approximate realization of the optim

smooth potential is via digital grading~DG!, using just two
different alloy compositions to facilitate growth. The tw
compositions may be GaAs and Alxb

Ga12xb
As, wherexb is
3 © 2002 American Institute of Physics
AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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the Al mole fraction in the barriers of the smooth structu
DG has already been used for approximate realization
nonrectangular quantum wells~QWs!.25–27 To find the DG
structure that best approximates an optimized smooth
the latter is first divided into segments~‘‘cells’’ ! of width
Lcell , with an integer multiple of crystalline monolaye
(1 ml'2.83 Å). Depending on the average potentialŪ( i ) in
i th cell, it is substituted by a well/barrier pair, their width
Lw( i ) and Lb( i ) being calculated as Lb( i )/L0

5Nint@Ū( i )Lcell /UbL0#, andLw( i )5Lcell2Lb( i ), whereUb

is the potential of the barrier~the well is taken to be GaAs, s
the potentialUw50 therein!, L052.83 Å, andNint@ ...# de-
notes the nearest integer value. The method in fact rou
the ‘‘local’’ potential to the nearest among the total ofLcell

equispaced values, spanning the range betweenUw50 and
Ub . Therefore, a smallLcell may imply a larger rounding
error for a finely sampled potential, while largeLcell gives
good reproduction of a coarsely sampled potential. In
design of the DG active region, we made a systematic sea
with Lcell ranging from 2 to 12 ml. The best results we
obtained withLcell54 ml andxb50.44, and the structure i
described in the caption of Fig. 1. Values ofz9652.8 nm and
J5640 ps Å2 in a DG structure are quite near those in t
optimal smooth one.28

In the next step, we designed a five QW injecto
collector region, starting from the existing injector design10

and modifying its parameters to match the new active reg
An important issue is also a proper choice of the inject
barrier7 which couples the active and injector parts.
choice is subject to the usual compromise between up
laser level confinement~i.e., largez96), small leakage into
continuum, and sufficient overlap with injector states, hen
rapid carrier transfer. In this process, we were guided
physical intuition relying on very careful inspection of wav
functions and their overlap, because a formal optimization
electron–electron scattering based carrier relaxation and
Bragg confinement properties would be too involved. T

FIG. 1. A schematic diagram of quasibound energy levels and assoc
wave functions squared for 1 1/2 periods of DG GaAs/Al0.44Ga0.56As QCL:
injector ~8, 10, 11, 13, and 15!, active region~4, 6, and 9!, collector~1, 2, 3,
5, and 7! and weakly localized-continuumlike~12 and 14! levels. The layer
sequence of one period of structure, in nanometers, from the left- to
right-hand side starting from the injection barrier is4.6, 0.28, 0.84, 0.28,
0.84, 0.28, 0.84, 0.28, 0.84, 0.56, 0.56, 0.56, 0.56, 0.84, 0.28, 3.08, 0.28,
0.56, 0.56, 0.84, 0.28, 1.96, 0.28, 0.56, 0.56, 0.28, 0.84, 0.28, 0.84, 0.28,
0.84, 2.88, 1.7, 2.2, 1.8, 2.0, 2.0, 2.2, 2.6, and 2.2. The normal scrip
denotes the wells, bold script; the barriers, and underscore; the dope
gions, with a nominal donor sheet densityNs53.931011 cm22. The inset
shows the structure of the DG active region, together with the opti
smooth potential and cell-averaged potential used in the DG design.
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layer sequence of the injector/collector is explained in
caption of Fig. 1.

In order to extract the output characteristic of the D
QCL beyond the three-level approximation and compare
with the recently realized GaAs/Al0.45Ga0.55As TQW QCL,10

we performed a full self-consistent rate equati
modeling16,29 of the electron scattering transport within th
15-level model of the QCL.30 From the self-consistent solu
tion, the population inversionDni5n92n6 in the steady
state was obtained, and the modal gain was calculated fro24

GM5
4pe2

«0nI

z96
2

2g96Lpl
G~n92n6![gGJ, ~1!

wherel is the laser emission wavelength, 2g96 is the experi-
mental linewidth,nI is the mode refractive index,«0 is the
vacuum dielectric permittivity,Lp is the length of one period
(injector1active region), andG is the modal overlap factor
To extract the gain coefficient, one has to change the elec
field ~i.e. the applied voltage! and calculate the modal gai
and total current density. The gain coefficientg @Eq. ~1!# is
then obtained from linear interpolation ofGM(J). The
threshold current densityJth is found from GM5gGJth

5aM1aW , where aM and aW are the mirror and wave
guide losses, respectively.

The calculated electric field–current density characte
tics at 77 and 300 K for the DG QCL and TQW QCL10 are
similar, Fig. 2~a!. A slower rise in the field at lower curren
densities in the DG QCL is due to a slightly larger injectio
barrier ~effective! width therein, which is expected to de
crease theF(J) slope.7 At 77 K in both structures, around
85% carriers in the injector populate its ground level 8, t
rest being distributed over the upper levels~10, 11, 13, and
15!. Current saturation and negative differential resistiv
occur well above the threshold, when the field is high enou
to misalign the ground injector and the upper laser states

ed

e

re-

l

FIG. 2. ~a! Electric field vs current density characteristics atT577 K and
T5300 K in DG QCL ~solid lines! and TQW QCL~see Ref. 10! ~dashed
lines!. ~b! Calculated modal gain vs current density dependence at cryog
and room temperatures for DG QCL~solid lines! and TQW QCL~see Ref.
10! ~dashed lines!. The symbols are the calculated results and the lin
represent the least square fits used to derive the values ofg. The horizontal
dashed line denotes the total losses (aM1aW'30 cm21).
AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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room temperature, up to 50% of the carriers are found
populate the upper injector levels, hence, the smootherJ–F
curve. The calculations for the TQW QCL are, thus, in go
overall qualitative and quantitative agreement w
experiment.10

Figure 2~b! shows the modal gain versus current dens
dependence for both QCLs at 77 and 300 K, calculated w
l59.3 mm, nI 53.28, Lp545.3(45.0) nm, 2g96512 meV
~at T577 K), 2g96522 meV ~at T5300 K).10 Following
Eq. ~1!, we can derive the gain coefficientg by dividing the
slope of the linear fit by the overlap factorG50.42.4,8 For
the TQW QCL, we obtaing'11 cm/kA atT577 K andg
'5 cm/kA atT5300 K. From the intersection points of th
experimental24 total loss lineaM1aW'30 cm21 and the
GM(J) lines, for TQW QCL, we obtain the threshold curre
Jth'6 kA/cm2 at T577 K and Jth'17 kA/cm2 at T
5300 K. Bothg andJth for the TQW QCL are in very good
agreement with experiment (g58.7 cm/kA and Jth

54 – 7 kA/cm2 at T577 K, and Jth516– 18 kA/cm2 at T
5300 K).4,8,10 The digitally optimized design shows a su
stantial improvement over the TQW QCL. The modal gain
the DG QCL is larger than that in TQW QCL for a range
current densities, withg'21 cm/kA at T577 K and g
'6.5 cm/kA atT5300 K. This leads to a significant reduc
tion in threshold current, toJth'3 kA/cm2 at T577 K, and
Jth'12 kA/cm2 at T5300 K. One may notice that the rela
tive improvement in gain and reduction in threshold curr
provided by DG QCL at 300 K is not as large as at 77
This is because the somewhat wider active region DG Q
has slightly lower continuumlike states~12 and 14! and the
lower laser level wave function~level 6! is shifted slightly
downstream, as compared to the TQW QCL. Together w
the fact that at higher temperatures the electrons popu
higher injector/collector levels, causing larger leakage fr
the injector to the continuum and a larger backfilling fro
the collector to the active region, all these reduce the po
lation inversion in the DG QCL. Yet, these effects are n
excessive, and DG QCL retains the overall advantage o
TQW QCL even at 300 K.

Finally, we briefly discuss some practical points in D
QCL realization. While the demand for very thin layers do
not itself seem to be a problem for present technology, th
may be some concern about the effects of layer width fl
tuations and interface roughness. These cannot be sim
quantified. Since the layers in the DG section are not c
finement layers, but rather act via the average composit
with wave functions evenly penetrating the well and barr
slices, the width fluctuations should average out, with
significant effect on the wave function shapes. There is
perimental evidence31 that despite the increased number
interfaces the exitonic lines in such DG structures are
much broader than in simple rectangular QWs, so one m
expect limited broadening of intersubband lines as well.

In summary, the procedure was described for design,
alization, and numerical modeling of the carrier dynamics
gain optimized QCLs. Significant improvement of midinfr
red QCL output characteristics is predicted. The DG optim
design principles may also be applied to terahertz QC
which are in the focus of current research.
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